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Environmental variation shapes sexual dimorphism in red deer
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ABSTRACT Sexual dimorphism results from dichoto-
mous selection on male and female strategies of growth in
relation to reproduction. In polygynous mammals, these strat-
egies ref lect sexual selection on males for access to females
and competitive selection on females for access to food.
Consequently, in such species, males display rapid early
growth to large adult size, whereas females invest in condition
and early sexual maturity at the expense of size. Hence, the
magnitude of adult size dimorphism should be susceptible to
divergence of the sexes in response to environmental factors
differentially inf luencing their growth to reproduction. We
show that divergent growth of male and female red deer after
32 years of winter warming and 15 years of contemporaneously
earlier plant phenology support this prediction. In response to
warmer climate during their early development, males grew
more rapidly and increased in size, while female size declined.
Conversely, females, but not males, responded to earlier plant
phenology with increased investment in condition and earlier
reproduction. Accordingly, adult size dimorphism increased
in relation to warmer climate, whereas it declined in relation
to forage quality. Thus, the evolutionary trajectories of growth
related to reproduction in the sexes (i) originate from sexual
and competitive selection, (ii) produce sexual size dimor-
phism, and (iii) are molded by environmental variation.

Whether attributable to epigamic or intrasexual selection (1),
males and females in polygynous vertebrates exhibit widely
divergent strategies of growth in relation to reproduction (2),
the result of which is sexual size dimorphism (3). In polygynous
birds, for example, where sexual selection on body size oper-
ates in addition to mate choice by females, males commonly
grow to larger adult size and breed later than their smaller
conspecific females (4). Similarly, in polygynous mammals,
sexual selection favors large male size through rapid early
growth and delayed maturation, whereas in females, compet-
itive selection has favored investment in condition and early
sexual maturity at the expense of size (5, 6). Consequently, in
many mammals, male adult size and reproductive success
depend on early development, whereas those of females
depend more strongly on investment in condition and repro-
ductive life span (7). It follows that, because compensatory
growth in such species is more likely in females than in males
(see, e.g., ref. 8), any factor, such as climate, that constrains
early development may be more likely to constrain adult size
and reproductive success in males than in females (9). If so, a
given set of environmental conditions during the early post-
natal development of males and females may elicit opposing
growth responses in the sexes that exacerbate or constrain
adult size dimorphism (10).

Previous studies have illustrated this potential through
single-sex responses to environmental variation. Changes in

adult dimorphism may occur, for instance, when size of males
(but not females) varies with population density, as in white-
tailed deer (Odocoileus virginianus) (11). Alternatively, adult
dimorphism may vary when size of females (but not males)
depends on environmental seasonality, as in Darwin’s finches
(Geospiza conirostris) (12), or on intensity of depredation
experienced by the population, as in beavers (Castor candensis)
(13). To our knowledge, however, adult size dimorphism has
not been shown to vary as a result of completely divergent
responses of both sexes to environmental change.

Ungulates are among the most sexually dimorphic of mam-
mals (5), and, among ungulates, red deer (Cervus elaphus)
display considerable polygyny and adult size dimorphism (14).
We investigated the potential for environmental variation
caused by climatic fluctuation to shape adult size dimorphism
in red deer in Norway through divergent influences on growth
of the sexes. Because mammals in general display their greatest
mass-specific growth in utero (15), and because abiotic condi-
tions during early development can persist into adulthood (8,
16), our investigation of the influence of environmental vari-
ation on growth of red deer in Norway focused on climatic
conditions during winter, when they were in utero. In the
Northern Hemisphere, the North Atlantic Oscillation (NAO)
determines most long-term and interannual variation in winter
climate (17) and strongly influences the early development of
several species of northern ungulates (18).

Recently, the dichotomous influence of the NAO on the
population dynamics of male and female red deer has been
demonstrated in several populations. In Norway, for example,
abundance of female, but not male, red deer in two populations
declined one year after positive NAO winters, whereas in a
third population male, but not female, abundance declined
after positive NAO winters (19). On the Isle of Rum, Scotland,
numbers of red deer males declined, while numbers of females
increased, after positive NAO winters (18). It follows from
these observations that the NAO, and perhaps climatic fluc-
tuation in general, may also influence the growth and ecology
of the sexes differently, thereby contributing to the degree of
sexual size dimorphism in adults. We tested this hypothesis by
investigating relationships between the NAO and weights of
142 calves and their mothers, and of 32 cohorts of adults, from
a natural population in Norway (19).

Additionally, considering the theoretical prediction that
growth and reproductive strategies of females in polygynous
vertebrates should reflect competitive selection in relation to
forage (20, 21), we investigated the potential influence of
temporal variation in forage quality on adult size dimorphism
through sex-specific growth. To this end, we analyzed weights
of 15 cohorts of adults in relation to plant phenology during
their first spring. The relationship between plant phenology
and forage quality has been documented in many species of
forbs; generally, digestibility and the accessibility and concen-
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tration of protein and nutrients decline as plant tissues age (22,
23). For this reason, the timing of plant phenology relative to
early growth in ungulates is an important determinant of
variation in body size among cohorts (16). We used 15 years of
data on timing of flowering (24) by the most preferred forb,
wood anemone (Anemone nemorosa), in diets of red deer
within the range of this population (23). By concentrating our
analyses on conditions during early development, we aimed to
avoid the confounding influences on adult dimorphism of
growth beyond sexual maturity (25), and, by controlling for
age, we removed its influence on size and dimorphism in adults
(26).

MATERIALS AND METHODS

NAO Index. The NAO index is quantified for December
through March as the average deviation from the long-term
mean sea-level surface pressure difference between Lisbon,
Portugal, and Stykkisholmer, Iceland (17). The data are at the
Climate Indices website: http:yywww.cgd.ucar.edu:80ycasy
climind. In our study site, the NAO index was positively
correlated with the average winter (December–March) pre-
cipitation (r 5 0.41, P 5 0.02) and temperature (r 5 0.65, P ,
0.001), but not snowfall (r 5 0.13, P 5 0.50), between 1963 and
1994.

Calf-Hind and Fetal Analyses. All red deer data derive from
a single population at the northern extent of the species’
worldwide distribution, in Sør-Trøndelag, Norway (population
4 in ref. 19). We assigned weights of 71 male and 71 female red
deer calves and their mothers, collected by the Norwegian
Institute for Nature Research (NINA) from harvested ani-
mals, to two categories of the winter NAO preceding their
birth (cold and warm). Categories were designated as negative
or positive values of the NAO index. Because the NAO index
is based on deviations from a long-term mean difference, by
definition negative values characterize cold winters, whereas
positive values characterize warm winters in the eastern At-
lantic (17, 27). We estimated mean calf weights by NAO
category in their own and their mother’s year of birth by using
ANCOVA with the NAO category as the factor, and covari-
ates: May–June degree-days [to account for growth during
spring (16)], mother’s age (ln-transformed), mother’s weight,
and ln(days since September 1) to account for temporal
variation in calf weight. If both mother’s age and weight were
significant, we replaced them with a cross term of mother’s
weight 3 age (ln-transformed) to avoid violating the assump-
tion of parallel slopes of covariates. We compared weights of
calves of each sex, and of hinds, between cold and warm
winters by using the F test. We similarly assigned weights of 52
male and 39 female fetuses collected by NINA between 1969
and 1997 to cold and warm NAO categories and estimated the
growth rates of each sex within each category by comparing
slopes of regressions of ln(weight) on ln(days since September
1) by using the t test. The distribution of the data by sex did not
differ among NAO categories for calves (x2 5 0.42, P 5 0.94)
or fetuses (x2 5 6.01, P 5 0.20). In analyses of calf and fetal
weights, we used ANCOVA with a categorical NAO index as
the factor because low sample sizes (n , 10) in most years
precluded correlational or regression analysis.

Adult Sexual Size Dimorphism. Data on eviscerated weights
and mandibles were collected from harvested adult males (n 5
3,203) and females (n 5 2,047) by NINA between 1957–1996.
Adults were assigned to cohorts based on estimates of age from
dental cementum annuli; of these, cohorts 1963–1994 con-
tained $30 individuals. We estimated cohort-specific mean
weights of both sexes by using ANCOVA with ln(weight) as the
dependent variable and cohort as the factor, with age and
May–June degree-days in the year of birth as covariates.
Cohort-specific adult size dimorphism was calculated as
ln(?weight)yln(/weight) by year of birth. To test for the influence

of climate on cohort-specific adult size dimorphism, estimates
were weighted by cohort size and regressed against the NAO
index of the winter preceding birth of the cohort. To test for
the influence of plant phenology on cohort-specific adult size
dimorphism, cohort-weighted estimates were regressed against
the first f lowering date of A. nemorosa (24) observed near
Trondheim in the cohort’s year of birth for cohorts 1963–1977.
Significance of correlations was adjusted for autocorrelation
(see ref. 18).

Because both time series for adult dimorphism and the NAO
index from 1963–1994 were nonstationary, the assumption of
independence of error terms was tested and confirmed by
plotting the residuals of the regression of these two series
against time; there was no relationship (r 5 0.26, P 5 0.15).
Nonetheless, including the term ‘‘year’’ as an independent
variable in the regression of adult dimorphism on the NAO
index removed the significance of the NAO term, so we cannot
exclude the possibility that, in addition to the influence of
climate, dimorphism has also changed through the study
period with some other variable. However, we emphasize that
temporal trends in both series on dimorphism and the NAO
were due to outlying endpoints. When these outliers were
excluded, a reanalysis of the remaining stationary subset
(1964–1991) revealed that the NAO term remained significant
(r 5 0.53, P 5 0.004), while ‘‘year’’ did not enter the regression.

RESULTS

Weights of male and female calves born between 1967 and
1996 displayed completely divergent responses to the state of
the NAO during their own fetal development and during the
fetal development of their mothers. Whereas weights of male
calves increased from those born after cold winters to those
born after warm winters, weights of female calves declined
along the same gradient (Fig. 1). Like their daughters, hinds
born after cold winters were larger than those born after warm
winters (Fig. 2 Inset). Additionally, a strong maternal effect on
weights of female calves operated in this population as it did
in Scottish red deer (16), because small hinds produced small
daughters (Fig. 2). In contrast, weights of sons did not vary
significantly with the state of the NAO while their mothers
were in utero (Fig. 2).

FIG. 1. Least-squares mean weights of male (E) and female (F) red
deer calves in relation to the type of NAO winter (c 5 cold, w 5 warm)
preceding their birth. Males: F(c 2 w) 5 7.86, P 5 0.007. Females:
F(c 2 w) 5 4.33, P 5 0.041.
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The greater weights of male calves born after warm winters
reflected higher fetal growth rates of males carried in utero
during warm winters (4.74 6 0.24) than during cold winters
(3.69 6 0.26) (t 5 5.15, P , 0.001). In contrast, fetal growth
rates of females did not vary between cold (4.69 6 0.11) and
warm (4.52 6 0.42) winters (t 5 0.96, P . 0.20), so the smaller
size of females born after warm winters was related to post-
natal growth.

The pattern of divergent fetal growth rates and weights of
male and female calves in relation to the state of the NAO
while they were in utero was also apparent in cohort-specific
mean weights of adults (controlled for age) from the same
population. Males born after warm NAO winters were larger
as adults, whereas weights of adult females in this sample
declined, although nonsignificantly, with the NAO index while
they were in utero (Fig. 3 Inset). Consequently, sexual size
dimorphism of adults increased with the NAO index of the
winter preceding their birth (Fig. 3).

In response to earlier plant phenology after warmer winters
(rNAO,phenology 5 20.55, P 5 0.03), however, adult sexual size
dimorphism declined. Cohorts born in years of early plant
phenology were less sexually dimorphic as adults than were
cohorts born in years of delayed plant phenology (Fig. 4). This
relationship reflected an increase in weights of adult females
with earlier phenology in their year of birth, and a correspond-
ing lack of such a relationship for males (Fig. 4 Inset). That the
increase in female adult weight with early phenology in their
year of birth reflects greater investment in condition is sup-
ported by two further observations: they lived up to 5 years
longer (Y 5 20.15 2 0.12x; R2 5 0.41, P 5 0.01)i, and they were

up to 25% more likely to breed as yearlings, than females born
in years of delayed phenology (18).

DISCUSSION

Theory predicts that the degree of sexual dimorphism in
polygynous species should be determined by the comparative
influence of a given phenotypic trait on reproductive success
in the sexes (28). Where this trait is size at sexual maturity, an
adjunct line of reasoning would predict that the degree of
dimorphism should be determined by factors differentially

iWe used MANOVA to estimate mean cohort-specific ages of adult
females, controlled for weight by including weight as a covariate, for
cohorts born in years 1963–1977. We regressed these against the first
f lowering date of A. nemorosa (x) in the cohort’s year of birth to get
predicted values of cohort mean age (Y) as a function of plant
phenology. The resulting regression equation was used to estimate the
mean ages of cohorts born in the years of earliest and latest f lowering;
their difference was 5 years.

FIG. 4. Relationship between cohort-specific adult sexual size
dimorphism [ln(male wt)/ln(female wt)] and plant phenology (the first
f lowering date of A. nemorosa) in the cohort’s year of birth (Julian
flowering date). Note the x axis is reversed to represent the same NAO
gradient as in Fig. 3. (Inset) Least-squares estimates of cohort-specific
mean weights of adult males and females in relation to plant phenology
in their year of birth (males: r 5 20.16, P 5 0.56; females: r 5 20.61,
P 5 0.017). Bold, P , 0.05.

FIG. 2. Least-squares mean weights of male (E) and female (F) red
deer calves in relation to the type of NAO winter preceding the birth
of their mother. Males: F(c 2 w) 5 0.25, P 5 0.62. Females: F(c 2 w) 5
5.49, P 5 0.02. (Inset) Least-squares mean weights of mothers in
relation to the type of NAO winter preceding their birth. F(c 2 w) 5
2.15, P 5 0.14.

FIG. 3. Relationship between cohort-specific adult sexual size
dimorphism [ln(male wt)/ln(female wt)] and the NAO index of the
winter preceding birth of the cohort. The circled point significantly
influenced the regression, and the correlation excluding it is reported
in parentheses. (Inset) Least-squares mean estimates of cohort-specific
weights of adult males and females in relation to the NAO index of the
winter preceding their birth (males: r 5 0.36, P 5 0.04; females: r 5
20.27, P 5 0.14). Bold, P , 0.05.

Ecology: Post et al. Proc. Natl. Acad. Sci. USA 96 (1999) 4469



influencing size at maturity in males and females. This is
precisely what the results reported here demonstrate. How-
ever, interpretation of divergent growth of males and females
in response to environmental variation as adaptive requires
consideration of the manner in which these responses are likely
to influence lifetime reproductive success of the sexes, rather
than just size at age of maturity.

In both sexes, natural selection should favor rapid develop-
ment to sexual maturity, because the sooner an organism
matures, the more likely it is to reproduce before dying (29,
30). For males in polygynous species, this means rapid growth
to large adult size resulting from sexual selection (6, 7). For
females, however, this means investment in condition to
achieve fecundity as early as possible, because lifetime repro-
ductive success of females relates strongly to reproductive life
span (7). The greater size of males born after warmer winters
documented here must confer a selective advantage, because
larger males are more likely to survive to adulthood (31) and,
as adults, are likely to sire more offspring than small males
(32). Increased investment in condition by females in response
to early forage availability after warm winters, at the expense
of size, is likely to contribute substantially to their lifetime
reproductive success (12, 33). Females born after warm NAO
winters were smaller, but more likely to conceive as yearlings
(18) in addition to living, on average, up to 5 years longer than
females born after cold winters. Considering that adult fecun-
dity of females in this population is nearly constant among
cohorts (34), such differences in reproductive lifespan could
translate into a lifetime production of as many as 5 more
offspring per female among those born after warm winters.

That female weight declined with increasingly warm winters
in the year of birth (Fig. 3), but increased along the same
climatic gradient in relation to plant phenology (Fig. 4) could
reflect a stronger influence of plant phenology than of climate
on female growth, independent of the timing of these influ-
ences. Alternatively, variation in weights of female offspring
may depend more on environmental conditions during post-
natal growth (spring plant phenology) than during growth in
utero (winter climate). Although both of these hypotheses
seem plausible, the fact that fetal growth rates of females did
not differ between warm and cold winters, together with the
strong maternal effect on female offspring weight (Fig. 2),
appears to support the latter.

The divergent responses of males and females to environ-
mental variation observed here may be best understood by
considering the dichotomous selection regimes shaping life
histories of the sexes in polygynous mammals, which in males
reflect selection for access to females and in females reflect
selection for access to food (20). As a consequence, responses
of the sexes to environmental variation directed the magnitude
of sexual size dimorphism in this polygynous species. These
results suggest to us that global warming, particularly increases
in average winter temperatures in northern latitudes (35), may
pose consequences for sexual selection in large mammals such
as red deer. Just as the intensity of sexual selection may vary
in response to changes in density and adult sex ratios inde-
pendently of environment (36), the positive influence of
warmer winters on growth rates of male red deer in utero and
postpartum may, independent of changes in population den-
sity, promote female choice for larger males. Conversely, the
negative association between cold winter temperatures and
male adult body size documented here suggests that environ-
ment can operate as a constraint on sexual selection if abiotic
conditions are not favorable for increases in size of males.

That sexual dimorphism presents a challenge to understand-
ing evolution by means of natural selection is evident in
Darwin’s formulation (37) and extensive treatment (3) of
sexual selection to explain the existence of traits that appeared
to contradict natural selection (38). Furthermore, the com-
plexity of relationships influencing sexual dimorphism has

engendered debate that persists to this day over the contribu-
tions of environment and competitive selection to both indi-
vidual and intersexual variation (39, 40). In fact, of the three
monumental debates between Darwin and Wallace, the least
reconcilable was that on the roles of competitive selection and
environmental variation in the evolution of sexual dimorphism
(41, 42). Clearly, as Darwin (3) and later Fisher (29) demon-
strated, female choice can operate almost without limit on
variation in male phenotypes, independently of environment,
to increase male size. Our results illustrate, however, that once
arisen, sex differences in strategies of growth related to
reproduction can promote divergent responses of males and
females to environmental variation that ultimately shape adult
size dimorphism.
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